Sulfide systems can be identified in controlled source audio-frequency magnetoteLhuic (CSAMT) surveys by steep to vertically bounded zones of low apparent resistivity (pa) that pmvkle deftitive horizontal resolution of the lateral extent of the suhides. The method proved most effective iflow cost, preliminary self-potential (SP) surveys were used to defme the centers of the sulfide svstems orior to the CSAMT surveys. The technique can L&O be u&d to I&Y the electrical stratigraphy, and dips 260' have been traced. The ability to map subsurface StNCtUrC and stratigraphy also has applications in oil exploration, engineering, and hydrology.
The method of calculating pa from measurements of the electric and magnetic fields, the Cagniard resistivity, is given by the relation:
where E and H are the measured tensor electric and magnetic fields, respectively, f is frequency in Hz, and /I,, is the magnetic permeability of free space. Because it uses a plane wave controlled source whose direction is known, the CSAMT method has the advantage that only the E, and H, components of E and H must be measured in order to calculate the Cagniard resitivity It should be emphasized that pa has little relation to the ohmic resistance of the rock, as discussed by Spies and Eggers (1986) and Cony et al. (1987) . At each station, frequencies ate stepped in powers of two (f = 2") from the highest to the lowest. pa is recorded at each frequency. A parametric plot of frequency vs. pa is then constructed and contoured. Each station is modeled one dimensionally assuming a laterally homogeneous layered earth. Methods for suchzd;F;ds given by Constable et al. (1987) , among others. one-dimensional models are then plotted sequentially, in profile, from which the geologic interpretations am made.
field Layout ' Ihe general field layout is shown in Fii 1. The transmitter can be located at any site 236 at frak,, where 6 is the skin depth. Present (1988) CSAMT equipment has a frequency range from 0.125 Hz to 8192 Hz, allowing both deep and shallow exploration. lateral resolution is primarily determined by the E field dipole length. In our surveys, the maximum dipole length usedywas 125 m, and the minimum was IS m. We were aware from the beginning that edge effects associated with electromagnetic (EM) coupling at the boundaries of sultide systems would be a severe problem. The CSAMT survey lines were laid out to cross the minerabxation boundary at a right angle whenever possibk. In practice, the cutter of the porphyry sulfide deposits were located with SP sumys (Cony, 
Massive Sullide
A newly discovered massive sulfide deposit in the northern U.S. was explored with both an IP and a CSAMT survey in an effort to delineate the size and extent of the ore body. The IP survey is a standard dipoledipole frequency domain/resistivity survey. The a-spacing for the IP survey was 61 m, and measurements were made down to n = 7. A pseudosection of the IP survey shows the *pant&g" or "chevron" geometric effects typical of dipOle-dipOle A shallow conductor is suggested between stations 2 and 3. ~~~nductor might be more accurately located in the IP survey by ug the a-spacing, but that would also decrease the depth of investigation, with the ore body then possibly beneath the depth of investigation. A CSAMT survey was NII over the same line as the IP survey and has been plotted at the same horizontal scale. A strong conductor is located between stations 2.00 and 2.25. The conductor is vertical to possibly a steep south dip. The phase difference data suggest the conductor does not extend to depth. The E, dipole size was 15 m, and measurements were made at intenrals of 30 m (SO% coverage) on the south end of the line. Measurements were made every 15 m (100% coverage) in the target area and on the north end of the line. Since CSAMT data are not subject to the geometric effects seen in the dipole-dipole array used for the IP survey, the interpretation of the location and attitude of the ate body is relatively straightforward. The shorter dipole spacing of the CSAMT survey also provides better than a factor of four improvement in the lateral resolution. The lateral resolution could be further improved by simply shortening the E, dipole, so long as adequate signal levels were attainable. No change in the transmitter dipole is necessary, and the change in the E, dipole has no effect on the depth of investigation of the survey.
Hydrocarbon Reservoir
Four CSAMT lines were run across the Union Island gas field, California in an effort to determine whether alteration effects due to vertically migrating hydrocarbons were detectable in that environment. No electrically anomalous areas were detected that correlated with known production limits of the field. However, a repeatable low resistivity feature does correlate with the Stockton Arch fault that bounds the field on the eastern, updip side. The Stockton Arch fault is buried deeper than the depth of investigation of the CASMT survey, and there is no geological or geophysical evidence of the fault in the upper strata. The low resistivity area is evident on all four lines and does not appear to be related to any known surface features or culture. Phase difference data indicate that this is not a near-surface, static offset effect, but a bonatide change in resistivity below SO m. One interpretation is that hydrocarbons are traveling along the Stockton Arch and then migrating vertically through the overlying, undifferentiated non-marine strata above the fault. Thus, the CSAMT survey appears to delineate alteration along the surface projection of the top of the fault.
Additional lines are planned over nearby non-productive segments of the same fault to test our interpretation.
CONCLUSIONS
The CSAMT technique has proven to be a fast and extremely effective method of delineating in detail the depth and lateral extent of sulfide mineralization. If the CSAMT survey is preceded by an SP survey with which to target it, the technique can be a very cost-effective method for detail surveying of sulfide systems.
The ability of the CSAMT technique to map complex structure is evident in a number of instances, e.g., line 1 at Pie Nut (Figure 6) 
